Empirical Testing of the Evolutionary Theories of Aging Using Laboratory-Evolved Yeast Mutants with Extended Lifespan by Gomez-Perez, Alejandra
i 
Empirical Testing of the Evolutionary Theories of Aging Using Laboratory-Evolved Yeast 







Presented in Partial Fulfillment of the Requirements 
for the Degree of Master of Sciences at 
Concordia University 
Montreal, Quebec, Canada 
August 2013 




School of Graduate Studies 
 
This is to certify that the thesis prepared 
By:   Alejandra Gomez-Perez 
Entitled:  Empirical Testing of the Evolutionary Theories of Aging Using Laboratory- 
Evolved Yeast Mutants with Extended Lifespan 
and submitted in partial fulfillment of the requirements for the degree of 
Master of Sciences (Biology) 
complies with the regulations of the University and meets the accepted standards with respect to 
originality and quality. 
 




________________________________ External Examiner 
Dr. Catherine Bachewich  
 
________________________________ Examiner 
Dr. Patrick Gulick 
 
________________________________ Examiner 
Dr. Reginald Storms 
 
________________________________ Supervisor 
Dr. Vladimir Titorenko 
                        
                        Approved by  _____________________________________________ 
                                               Chair of Department or Graduate Program Director 
                                               _____________________________________________ 
                                               Dean of Faculty of Arts and Science 




Empirical Testing of the Evolutionary Theories of Aging Using Laboratory-Evolved Yeast 
Mutants with Extended Lifespan  
 
Alejandra Gomez-Perez, M.Sc. 
 
We recently conducted a multistep selection of long-lived yeast mutants by a lasting exposure to 
lithocholic acid, a longevity-extending natural compound. Three selected long-lived mutant 
strains, called 3, 5 and 12, were able to maintain their extended lifespans following numerous 
passages in medium lacking lithocholic acid. In studies described in this thesis I demonstrated 
that the greatly extended longevity of each of the three long-lived yeast mutants evolved under 
laboratory conditions is a dominant polygenic trait caused by mutations in more than two genes. 
To empirically validate evolutionary theories of programmed or non-programmed aging and age-
related death, I investigated if the dominant mutations that extend longevity of each of the three 
long-lived yeast mutants evolved under laboratory conditions influence early-life fitness when 
each of these mutants grows and ages alone, in the absence of a parental wild-type yeast strain 
that does not carry longevity-extending mutations. My studies revealed that these mutations (1) 
do not affect such key traits of early-life fitness as the exponential growth rate, efficacy of post-
exponential growth and fecundity of yeast cells; and (2) enhance such key traits of early-life 
fitness as cell susceptibility to chronic exogenous stresses, mitochondria-controlled apoptosis 
triggered by a brief exposure to exogenous hydrogen peroxide, and lipoptotic form of death 
triggered by a short-term exposure to exogenous palmitoleic acid. These findings provide 
irrefutable proof of evolutionary theories of aging based on the concept of programmed aging 
and age-related death and invalidate evolutionary theories of non-programmed aging and age-
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related death. I then examined if the dominant mutations that extend longevity of each of the 
three long-lived yeast mutants evolved under laboratory conditions influence the relative fitness 
of each of these mutants in a direct competition assay with a parental wild-type strain. This assay 
mimics under various laboratory conditions the process of natural selection within a mixed 
population of yeast cells that (1) exhibit different longevity-defining genetic backgrounds; (2) 
differ in their lifespans if grow as a genetically homogenous cell population; and (3) compete for 
nutrients and other environmental resources. I found that in a population of mixed cells grown on 
1% ethanol the dominant mutations that extend longevity of the three long-lived yeast mutants 3, 
5 and 12 reduce the relative fitness of each of them in a direct competition assay with a parental 
wild-type strain. Based on these findings, I concluded that under laboratory conditions 
mimicking the process of natural selection within an ecosystem composed of yeast cells having 
different longevity-defining genetic backgrounds, each of the three long-lived mutants is forced 
out of the ecosystem by a parental wild-type strain exhibiting shorter lifespan. My findings imply 
that (1) yeast cells have evolved some mechanisms for limiting their lifespan upon reaching a 
certain chronological age; and (2) these mechanisms drive the evolution of yeast longevity 
towards maintaining a finite yeast lifespan within ecosystems. I hypothesize that these 
mechanisms may consist in the ability of a parental wild-type strain to secrete into an ecosystem 
certain compounds (small molecules and/or proteins) that slow down growth and/or kill long-
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1.1 Dysregulation of many processes within cells causes cellular and organismal 
aging  
Aging of multicellular and unicellular eukaryotic organisms is due to impaired regulation 
of numerous processes within cells. These processes define the replicative and 
chronological age of a eukaryotic cell. They include cell cycle, cell growth, stress 
response, protein homeostasis, apoptotic and necrotic cell death, autophagy, proteasomal 
protein degradation, actin organization, signal transduction, nuclear DNA replication, 
chromatin maintenance, ribosome biogenesis and translation, lipid and carbohydrate 
metabolism, trehalose homeostasis, oxidative metabolism and protein synthesis in 
mitochondria, NAD+ homeostasis, amino acid biosynthesis and degradation, and 
ammonium and amino acid uptake [1 - 6].  
          The spatiotemporal organization of all these cellular processes and their functional 
states are governed by an evolutionarily conserved signaling network. The network 
integrates the insulin/insulin-like growth factor 1 (IGF-1), AMP-activated protein 
kinase/target of rapamycin (AMPK/TOR) and cAMP/protein kinase A (cAMP/PKA) 
nutrient- and energy-sensing signaling pathways (Figure 1.1) [1, 3, 4, 6 - 8]. By sensing 
the intracellular and organismal nutrient and energy status, this longevity signaling 
network coordinates information flow along its convergent, divergent and multiply 
branched pathways to regulate cellular aging, influence age-related pathologies and 
define organismal lifespan [1, 6 - 8]. The network also responds to the age-related partial 
mitochondrial dysfunction and is modulated by mitochondrially produced reactive 
 2 
oxygen species (ROS) [6, 8, 9 - 12].  
 
 
Figure 1.1. The spatiotemporal organization of all longevity-defining cellular processes 
and their functional states are governed by an evolutionarily conserved signaling 
network. The network integrates the insulin/insulin-like growth factor 1 (IGF-1), AMP-
activated protein kinase/target of rapamycin (AMPK/TOR) and cAMP/protein kinase A 
(cAMP/PKA) nutrient- and energy-sensing signaling pathways. Reproduced from 
reference 3. 
 
          Certain dietary and pharmacological interventions slow down cellular aging, 
ameliorate aging-related pathology and extend organismal lifespan across phyla by 
 3 
attenuating information flow along the pro-aging IGF-1, AMPK/TOR and cAMP/PKA 
pathways. These interventions include (1) caloric restriction (CR), a diet in which only 
calorie intake is reduced but the supply of amino acids, vitamins and other nutrients is not 
compromised; (2) dietary restriction (DR), in which the intake of nutrients (but not 
necessarily of calories) is reduced by limiting food supply without causing malnutrition; 
and (3) rapamycin, resveratrol, metformin, spermidine and several other small molecules 
[3, 13 - 25]. 
 
1.2 The yeast Saccharomyces cerevisiae is a valuable model for studying 
mechanisms of cellular and organismal aging  
The budding yeast S. cerevisiae, a unicellular eukaryote with an annotated genome, is one 
of the most important model organisms used for unveiling molecular mechanisms of 
cellular and organismal aging in multicellular eukaryotes [3, 6, 22]. Due to the relatively 
short and easily monitored lifespan of this genetically and biochemically manipulable 
organism amendable to high-throughput screening procedures, studies of budding yeast 
have led to the identification of genes, signaling pathways, cellular processes and 
pharmacological interventions that subsequently have been implicated in defining 
longevity of invertebrate and mammalian organisms [3, 6, 22, 26 - 28]. A growing body 
of evidence supports the view that the key features and molecular mechanisms of cellular 
aging discovered in yeast have been evolutionarily conserved in invertebrates and 
mammals [3, 6, 22]. 
          Yeast aging can be measured in two different ways. Replicative aging is defined by 
the maximum number of daughter cells that a mother cell can produce before senescence 
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and models aging of mitotically active mammalian cells [6, 27, 28]. Chronological aging 
is measured by the length of time a yeast cell remains viable in a nondividing state and 















Figure 1.2. Yeast aging can be measured in two different ways. Replicative aging is 
defined by the maximum number of daughter cells that a mother cell can produce before 
senescence and models aging of mitotically active mammalian cells. Chronological aging 
is measured by the length of time a yeast cell remains viable in a nondividing state and 
models aging of postmitotic mammalian cells. Reproduced from reference 22.  
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1.3 A hypothesis on the xenohormetic, hormetic and cytostatic selective forces 
driving the evolution of longevity regulation mechanisms within ecosystems 
In a quest for small molecules that can increase yeast chronological lifespan, our 
laboratory used a custom-designed chemical genetic screen of extensive compound 
libraries to identify 24 previously unknown longevity-extending compounds [21]. One of 
them, a bile acid called lithocholic acid (LCA) (Figure 1.3), acts in synergy with a 
longevity-extending CR diet to enable a significant further extension of yeast lifespan 
[21]. Our recent studies revealed the molecular mechanisms underlying the ability of 
LCA to delay cellular aging in yeast by remodeling lipid metabolism and transport within 
mitochondria, the endoplasmic reticulum, lipid droplets and peroxisomes [2, 21, 29 - 32]. 
          It has been shown that, unlike mammals, yeast do not synthesize LCA or any other 
bile acids [21, 33, 34]. Our laboratory therefore proposed that bile acids released into the 
environment by mammals may act as interspecies chemical signals extending longevity 
of yeast species and, perhaps, of other organisms that can (1) sense these mildly toxic 
molecules with detergent-like properties; and (2) respond to the resulting mild cellular 
damage by developing the most efficient stress protective mechanisms [35, 36]. We 
hypothesized that such mechanisms may provide effective protection of yeast and other 
organisms not only against cellular damage caused by bile acids but also against 
molecular and cellular damage accumulated with age [35, 36]. In our hypothesis, those 
species of the organisms within an ecosystem that that have been selected for the most 
effective (as compared to their counterparts of the same species) mechanisms providing 
protection against bile acids are expected to (1) live longer than their counterparts within 
the same species; and (2) evolve the most effective anti-aging mechanisms that are  
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Rapamycin exhibits a potent cytostatic effect by causing G1 cell cycle arrest and greatly 
delaying proliferative growth of organisms across phyla [37 - 42]. We therefore 
hypothesized that rapamycin released into the environment by soil bacteria not only 
suppresses growth of fungal competitors, but may also may create selective pressure for 
the evolution of yeast, fruit fly and mammalian species that can respond to rapamycin-
induced growth retardation by developing certain mechanisms aimed at such remodeling 
of their anabolic and catabolic processes that would increase their chances of survival 
under conditions of slow growth [35, 36]. We proposed that some of these mechanisms 
delay aging by optimizing essential longevity-related processes and remain sensitive to 
modulation by rapamycin [35, 36]. In our hypothesis, the ability of yeast, fruit fly and 
mammalian species within an ecosystem to sense rapamycin produced by soil bacteria 
and then to respond by undergoing certain lifespan-extending changes to their 
metabolism and physiology could increase their chances of survival - thereby creating 
selective force aimed at maintaining such ability and driving the evolution of their 
longevity regulation mechanisms [35, 36]. 
          Our hypothesis on longevity regulation by bile acids and rapamycin within 
ecosystems complements the “xenohormesis” hypothesis Howitz and Sinclair [43 - 45]. 
According to this hypothesis, in response to various hormetic environmental stresses - 
such as UV light, dehydration, infection, predation, cellular damage and nutrient 
deprivation - plants and other autotrophic organisms synthesize a group of secondary 
metabolites called xenohormetic phytochemicals [43 - 45]. Prior to being released into 
the environment, these secondary metabolites activate defense systems protecting the 
host autotrophic organisms against hormetic environmental stresses that caused their 
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synthesis [43 - 45]. After being released into the environment, these xenohormetic 
phytochemicals provide benefits to health and longevity of heterotrophic organisms 
within the ecosystem. It was proposed by Howitz and Sinclair that xenohormetic 
phytochemicals cause such life-extending and health-improving effects not by operating 
as mildly toxic hormetic molecules, but by activating the key enzymes of stress-response, 
anti-aging pathways known to govern longevity-related processes in heterotrophic 
organisms [43 - 45].  
          Recent studies revealed that some xenohormetic phytochemicals, such as 
resveratrol and caffeine, extend longevity of heterotrophic organisms by attenuating the 
adaptable TOR signaling pathway known to accelerate their aging [39, 46 - 51]. Because 
the TOR pathway also plays a pivotal role in promoting proliferative growth of all 
heterotrophic organisms, resveratrol and caffeine exhibit a cytostatic effect in these 
organisms [39, 46 - 51]. Based on these recent findings, we extended the xenohormesis 
hypothesis of Howitz and Sinclair by proposing that within each of the heterotrophic 
species composing an ecosystem there are organisms that (1) possess the most effective 
(as compared to their counterparts of the same species) mechanisms for sensing 
xenohormetic and cytostatic phytochemicals released into the environment by autotrophic 
species; and (2) can respond to these phytochemicals by activating the key enzymes of 
stress-response, anti-aging pathways and/or by attenuating the adaptable, pro-aging TOR 
signaling pathway - thereby undergoing life-extending changes to their metabolism and 
physiology [35, 36]. In our hypothesis, these heterotrophic organisms are expected to live 
longer than their counterparts within the same species [35, 36]. Thus, their ability to 
sense the longevity-extending xenohormetic and cytostatic phytochemicals released into 
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the environment by autotrophic species and to respond to these phytochemicals by 
undergoing certain life-extending metabolic and physiological changes is expected to (1) 
increase their chances of survival; (2) create selective forces aimed at maintaining such 
ability; and (3) drive the evolution of their longevity regulation mechanisms [35, 36]. 
          In sum, our analysis of how several small molecules synthesized and released into 
the environment by one species of the organisms composing an ecosystem extend 
longevity of other species within this ecosystem suggested a unified hypothesis in which 
these interspecies chemical signals create xenohormetic, hormetic and cytostatic selective 
forces that drive the ecosystemic evolution of longevity regulation mechanisms (Figure 
1.4) [35, 36]. In this unified hypothesis, after being released into the environment by one 
species of organisms capable of synthesizing such small molecules, they can activate 
anti-aging processes and/or inhibit pro-aging processes in other species within an 
ecosystem. Within each of these other species, there are organisms that possess the most 
effective (as compared to their counterparts of the same species) mechanisms for sensing 
the interspecies chemical signals and for responding to such signals by undergoing 
certain lifespan-extending changes to their metabolism and physiology; such lifespan-
extending changes could be hormetic and/or cytostatic by their nature (Figure 1.4) [35, 
36]. These organisms therefore are expected to live longer than their counterparts of the 
same species within the ecosystem. Thus, the ability of a species of the organisms 
composing an ecosystem to sense the longevity-modulating interspecies chemical signals 
released into the environment by other species within the ecosystem and to respond to 
these signals by undergoing certain life-extending metabolic and physiological changes is 
expected to increase its chances to survive, thereby creating selective force aimed at 
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that (1) are produced and then released into the environment permanently or only in 
response to deteriorating environmental conditions, increased population density of 
competitors and/or predators, or changes in food availability and its nutrient and/or 
caloric content; (2) are mildly toxic compounds that trigger a hormetic response in an 
organism that senses them or, alternatively, are not toxic for any organism within the 
ecosystem and do not cause a hormetic response; (3) are cytostatic compounds that 
attenuate the TOR-governed signaling network or, alternatively, do not modulate this 
growth-promoting network; and (4) extend longevity of organisms that can sense these 
compounds (red arrows), thereby increasing their chances of survival and creating 
selective force aimed at maintaining the ability of organisms composing the ecosystem to 
respond to these compounds by undergoing specific lifespan-extending changes to their 
physiology [35, 36]. In our hypothesis, the evolution of longevity regulation mechanisms 
in each group of the organisms composing an ecosystem is driven by the ability of this 
group of organisms to undergo specific lifespan-extending changes to their physiology in 
response to a compendium of “critical” chemical compounds that are permanently or 
transiently released to the ecosystem by other groups of organisms. Abbreviations: LCA, 
lithocholic acid; DCA, bile acid-like dafachronic acids. Reproduced from reference 35. 
 
1.4 Empirical confirmation of a hypothesis on the xenohormetic, hormetic and 
cytostatic selective forces driving the evolution of longevity regulation 
mechanisms at the ecosystemic level 
To empirically verify our hypothesis of the xenohormetic, hormetic and cytostatic 
selective forces driving the evolution of longevity regulation mechanisms at the 
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ecosystemic level, our laboratory carried out a 3-step selection of long-lived yeast 
mutants by a lasting exposure to LCA under laboratory conditions [52]; in collaboration 
with Michelle Tali Burstein and Anastasia Glebov, I carried out this selection as a 
Honours undergraduate student in the Titorenko laboratory.  
          For the first step of such selection, yeast cells from an overnight culture were 
inoculated into a complete growth medium (with or without LCA) containing 0.2% 
glucose to the initial cell titre of 1 × 105 cells/ml (Figure 1.5). After one week of the 
incubation in this medium and following approximately 45 cell generations, yeast entered 
into a non-proliferative state by reaching stationary (ST) growth phase at the cell titre of 
2 × 108 cells/ml (Figure 1.5). Following their entry into a non-proliferative state, yeast 
cells were cultured for additional 5 weeks. By the end of this cultivation, only ~ 0.02% of 
cells in the medium without LCA remained viable. In the cell cultures that were 
supplemented with LCA, ~ 1% of cells remained viable – due to the ability of LCA to 
increase the chronological lifespan (CLS) of non-dividing (quiescent) yeast cells. Thus, 
the enrichment factor for long-lived mutants by the end of each selection step was 102. 
Five cultures were used to carry out the selection of long-lived yeast mutants: the first 
culture lacked LCA; the second culture contained 5 μM LCA added at the moment of cell 
inoculation; the third culture contained 50 μM LCA added at the moment of cell 
inoculation; the fourth culture contained 250 μM LCA added at the moment of cell 
inoculation; and the fifth culture was supplemented with 10 doses of 5 μM LCA each by 
adding this bile acid every 3 or 4 days. At the end of the first selection step, aliquots of 
each of the five cultures were plated onto plates with solid complete growth medium 




steps (Figure 1.6). 
          By carrying out this 3-step selection of long-lived yeast mutants under laboratory 
conditions, we found no such mutants at the end of the first selection step, 4 mutants at 
the end of the second selection step, and 16 mutants at the end of the third selection step 
[52]. We therefore concluded that a long-term exposure of wild-type (WT) yeast to LCA 
following the 3 selection steps did result in selection of yeast mutants that live longer in 
the absence of LCA than their ancestor [52].  
          The 3 steps of experimental evolution of long-lived yeast mutants by a prolonged 
exposure of WT yeast to LCA resulted in selection of 20 mutants that in a spot-assay 
lived longer than their ancestor in medium lacking LCA [52]. An aliquot of the culture of 
each of these long-lived yeast mutants was frozen at -80oC immediately after being 
recovered during the second or third selection step. To test the ability of these species to 
maintain their greatly extended lifespans following the 1st passage in medium without 
LCA, each aliquot was thawed and then inoculated into a complete liquid medium 
lacking this bile acid and containing 0.2% glucose. Our comparative analysis of the CLS 
of WT strain and all of these selected long-lived yeast mutants revealed that mutants 3, 5 
and 12 maintained their ability to live much longer than WT following the 1st passage 
(Figure 1.7) [52].      
          The selected long-lived yeast mutants 3, 5 and 12 underwent four more passages 
(each carried out as described for the 1st passage) in a complete liquid medium without 
LCA and then tested again for their ability to maintain greatly extended lifespans, now 
following five successive passages in medium without this bile acid. As we found, each 




organisms are open self-organizing systems that can use exogenous energy to resist a 
progressive increase in entropy and the resulting molecular damage and disorder as they 
age [53, 54]. Yet, it is well known that organismal lifespan (1) has a limit that is unique 















Figure 1.9. Average ages which certain animals may be expected to reach, based on 
reports of zoos and estimates of biologist. Data from Field Museum of Natural History. 
Prepared for Complon’s Pictured Encyclopedia. Reproduced from 
http://www.woohome.com/photograph/how-long-do-animals-live. 
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Since late XIX century, numerous evolutionary theories of aging have been proposed in 
an attempt to resolve this paradox [53 - 57]. One group of these theories is based on the 
concept of programmed aging and age-related death; these programmed aging theories 
are trying to explain how the evolutionary force actively limits organismal lifespan at an 
age unique to each species [54, 57, 59 - 69]. Another group of evolutionary aging theories 
is based on the notion of non-programmed aging and age-related death; these non-
programmed aging theories are attempting to rationalize how lack of the evolutionary 
force passively limits organismal lifespan at an age characteristic of each species [54, 56, 
57, 59, 60, 69]. These two groups of evolutionary aging theories are discussed below.  
          The first evolutionary theory of aging, known as the theory of programmed death, 
was developed by August Weismann. According to this theory, natural selection resulted 
in preferential reproduction of those members of a particular species that are able to die 
when they reach a certain age, which is unique to this species [57, 69, 70]. By undergoing 
a “programmed” death at such species-specific age, older members of this species are 
eliminated from a competition with their younger counterparts for natural resources [57, 
69, 70]. In the programmed death theory, the evolutionary advantage to having a limited 
lifespan at a species-specific age consists in providing a benefit to survival of a group of 
individuals by creating a disadvantage to those individuals within the group that has 
reached such an age [57, 69, 70]. 
          Recent advances in our understanding of molecular mechanisms underlying 
cellular aging and organismal longevity marked a Renaissance period in developing 
evolutionary theories of aging that are based on the concept of programmed aging and 
age-related death [53, 54, 56, 57, 59 - 69]. These relatively recently developed 
 20 
evolutionary theories of programmed aging and age-related death include (1) group 
selection theory [57, 59, 69]; (2) kin selection theory [57, 59, 69, 71]; (3) evolvability 
theory [57, 59, 69, 72]; (4) phenoptosis theory [61 - 63, 73]; and (5) altruistic aging 
theory [66 - 68, 74 - 77]. Akin to the theory of programmed death developed by August 
Weismann [57, 69, 70], all these contemporary evolutionary theories of aging are based 
on the premise that natural selection resulted in preferential reproduction of those 
members of various species that have evolved certain mechanisms for limiting their 
lifespans in a species-specific fashion and upon reaching a species-specific age [57, 59, 
61- 63, 66, 69, 71 - 73]. 
          It needs to be emphasized that recent studies of molecular mechanisms underlying 
cellular aging and organismal longevity provided a body of evidence favoring 
evolutionary theories of aging based on the concept of programmed aging and age-related 
death.  In particular, it has been shown that cellular aging can be significantly delayed 
and organismal longevity can be substantially extended by certain genetic, dietary and 
pharmacological interventions that attenuate a limited set of pro-aging pathways and 
processes integrated into a pro-aging signaling network governing cellular aging; recent 
evidence supports the view that this pro-aging signaling network has evolved to limit 
lifespan in evolutionarily distant organisms in a species-specific fashion and upon 
reaching a certain species-specific age [1, 3, 4, 6 - 10, 13 - 25, 29, 37, 41 - 43, 46 - 51]. 
          One of the key features of all evolutionary theories of aging based on the concept 
of programmed aging and age-related death is that various mutations delaying cellular 
aging and extending organismal longevity may or may not reduce early-life fitness; it was 
assumed that mutations affecting some of the modules of the pro-aging signaling network 
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could reduce early-life fitness, whereas mutations affecting other modules of this network 
could have no effect on it [66, 78 - 91]. Early-life fitness is known to include the 
following traits: (1) metabolic rate under various environmental conditions; (2) growth 
rate and, in yeast, the ability to utilize alternative carbon sources; (3) physical activity; (4) 
fecundity - i.e., efficacies of mating and reproduction (including sporulation in yeast); (5) 
resistance to fluctuations in temperature, light, humidity and other environmental factors 
(such as osmolarity fluctuations in yeast); and (6) susceptibility to environmental toxins 
[66, 78 - 91]. Noteworthy, until now the effects of various genetic longevity-extending 
interventions on early-life fitness have been analyzed mainly under laboratory conditions 
under which long-lived mutants of evolutionarily distant species were growing, 
developing and aging alone, in the absence of “WT” individuals of the same species that 
do not carry longevity-extending mutations and thus do not have lifespan extended 
beyond a species-specific age [1, 3, 4, 6 - 10, 13 - 25, 29, 37, 41 - 43, 46 - 51]. However, 
these laboratory conditions do not mimic the process of natural selection within a mixed 
population of individuals that belong to the same species but exhibit different longevity-
defining genetic backgrounds, have lifespans at a species-specific age and beyond it, and 
compete for nutrients and other environmental resources [91 - 97]. 
          Unlike the evolutionary theories of aging that are based on the concept of 
programmed aging and age-related death, all evolutionary theories of non-programmed 
aging and age-related death posit that organismal lifespan is limited at an age 
characteristic of each species due to lack of the evolutionary force [54, 56, 57, 59, 60, 
69]. These evolutionary theories of non-programmed aging and age-related death include 
(1) the mutation accumulation theory [57, 59, 69, 98, 99] and its modified version known 
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as the late-life mortality plateau theory [57, 59, 69, 100]; and (2) the antagonistic 
pleiotropy theory [57, 59, 69, 101] and its contemporary version called the disposable 
soma theory [57, 59, 69, 102 - 104].  
          Both, the mutation accumulation theory and the late-life mortality plateau theory, 
postulate that natural selection favours alleles (alternative forms) of a gene that are 
beneficial early in organismal life over alleles of the same gene that provide an advantage 
late in life of this organism [57, 59, 69, 98 - 100]. Thus, by eliminating gene alleles that 
are beneficial late in life, natural selection will diminish its power with age of an 
organism and will limit its lifespan at an age that is unique to each species [57, 59, 69, 98 
- 100].    
          In contrast, the antagonistic pleiotropy theory and the disposable soma theory 
assume that alleles of certain genes that are beneficial in early life of an organism exhibit 
detrimental effects in its late life [57, 59, 69, 101 - 104]. Because different alleles of these 
genes display age-related antagonistic effects on several fitness-defining traits of an 
organism, these genes are called pleiotropic genes. According to both the antagonistic 
pleiotropy theory and the disposable soma theory, natural selection limits organismal 
lifespan at an age unique to each species by actively retaining only those alleles of 
pleiotropic genes that increase early-life fitness and thus reduce fitness at old age [57, 59, 
69, 101 - 104]. 
          It should be stressed that contemporary evolutionary theories of programmed aging 
and age-related death postulate that organisms of all species possess mechanisms that 
have been evolved to actively limit their lifespans at a species-specific age [57, 59, 61- 
63, 66, 69, 71 - 73]. In contrast, evolutionary theories of non-programmed aging and age-
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related death assume that such mechanisms cannot exist, just because organismal lifespan 
is limited at a species-specific age passively - i.e., due to lack of the evolutionary force 
[57, 59, 69, 98 - 104]. It was concluded therefore that the demonstrated ability of certain 
genetic, dietary and pharmacological interventions to significantly extend lifespan in 
evolutionarily distant species by targeting mechanisms that actively limit organismal 
lifespan at a species-specific age [1, 3, 4, 6 - 10, 13 - 25, 29, 37, 41 - 43, 46 - 51] provides 
irrefutable proof of evolutionary theories of aging based on the concept of programmed 
aging and age-related death and invalidates evolutionary theories of non-programmed 
aging and age-related death [57, 59 - 69]. However, in all these cases the ability of 
genetic, dietary and pharmacological interventions to significantly extend organismal 
lifespan has been revealed under laboratory conditions; as discussed above, these 
conditions do not mimic the process of natural selection within a genetically mixed 
population of individuals that belong to the same species, compete for environmental 
resources, and have lifespans at a species-specific age and beyond it [91 - 97]. But none 
of the evolutionary theories of non-programmed aging and age-related death assumes that 
in the absence of natural selection (i.e., under laboratory conditions) longevity-extending 
mutant gene alleles reducing early-life fitness cannot exist; all these theories only 
proclaim that such mutant gene alleles will be eliminated from the gene pool of a species 
under the pressure of natural selection (i.e., in the wild or under field-like laboratory 
conditions) [57, 59, 69, 98 - 104]. Furthermore, it seems impossible in the wild or under 
field-like laboratory conditions to impose any of the currently known longevity-extending 
dietary or pharmacological interventions (such as CR, DR or anti-aging natural 
compounds) only on some individuals of the same species; thus, it is unlikely that such 
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non-genetic interventions can be used for empirical validation of evolutionary theories of 
programmed or non-programmed aging and age-related death. 
          In conclusion, one could think that the initial and essential test for empirical 
validation of evolutionary theories of programmed or non-programmed aging and age-
related death consists in evaluating how a longevity-extending genetic intervention 
influences early-life fitness of an organism under laboratory conditions; under such 
conditions (i.e., in the absence of natural selection) long-lived mutants of evolutionarily 
distant species grow, develop and age alone, in the absence of “WT” individuals of the 
same species that do not carry longevity-extending mutations and thus do not have 
lifespan extended beyond a species-specific age. As discussed above, all evolutionary 
theories of non-programmed aging and age-related death posit that under such conditions 
any longevity-extending genetic intervention must reduce early-life fitness of an 
organism [57, 59, 69, 98 - 104]. In contrast, all contemporary evolutionary theories of 
programmed aging and age-related death assume that only those longevity-extending 
genetic interventions that affect critical for early-life fitness modules of the pro-aging 
signaling network could reduce such fitness, whereas the longevity-extending genetic 
interventions that affect other modules of such signaling network are unlikely to have an 
effect on organismal early-life fitness [66, 78 - 91].  
 
1.6 The objectives of studies described in this thesis 
Studies described in my thesis had the following three objectives. 
          The first objective of my studies was to test if the extended longevity of each of the 
three long-lived yeast mutants evolved under laboratory conditions (1) is a recessive or a 
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dominant genetic trait; and (2) is due to a mutation in a single gene or is a polygenic 
genetic trait. To attain this objective, I used (1) the backcross mating of each of the three 
long-lived yeast mutants evolved under laboratory conditions with a WT yeast strain of 
opposite mating type to create a diploid strain; and (2) the subsequent tetrad analysis of 
meiotic segregants that originated from individual asci for each of the sporulated diploid 
strains. To define the genetic nature of the “extended longevity” trait for each of the three 
long-lived yeast mutants evolved under laboratory conditions, I measured the CLS of 
diploids and meiotic segregants derived from these monohybrid genetic analyses.         
          The second objective of my studies was to investigate if mutations that extend 
longevity of each of the three long-lived yeast mutants evolved under laboratory 
conditions influence early-life fitness when each of these mutants was incubated alone, in 
the absence of a WT yeast strain that does not carry longevity-extending mutations. To 
attain this objective, I analyzed the following key traits of early-life fitness: (1) 
exponential growth rate of yeast cells in media containing a fermentable carbon source 
(i.e., glucose at the initial concentration of 0.2% [CR conditions] or 2% [non-CR 
conditions]) or a non-fermentable carbon source (i.e., ethanol at the initial concentration 
of 1% or glycerol at the initial concentration of 3%); (2) the efficacy of post-exponential 
growth of yeast cells in media containing a fermentable carbon source (i.e., glucose at the 
initial concentration of 0.2% [CR conditions] or 2% [non-CR conditions]) or a non-
fermentable carbon source (i.e., ethanol at the initial concentration of 1% or glycerol at 
the initial concentration of 3%); (3) fecundity of yeast cells, which was quantitatively 
assessed by monitoring the efficacies of their sexual reproduction by mating and 
sporulation following recovery of cells that were pre-grown in media containing glucose 
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at the initial concentration of 0.2% [CR conditions] or ethanol at the initial concentration 
of 1%; (4) cell susceptibility to chronic oxidative, thermal and osmotic stresses 
administered to yeast cells that were pre-grown in media containing glucose at the initial 
concentration of 0.2% [CR conditions] or ethanol at the initial concentration of 1%; (5) 
cell susceptibility to a mitochondria-controlled apoptotic form of death triggered by a 
brief exposure to exogenous hydrogen peroxide of yeast cells that were pre-grown in 
media containing glucose at the initial concentration of 0.2% [CR conditions] or ethanol 
at the initial concentration of 1%; and (6) cell susceptibility to a “lipoptotic” form of 
death triggered by a brief exposure to exogenous palmitoleic acid of yeast cells that were 
pre-grown in media containing glucose at the initial concentration of 0.2% [CR 
conditions] or ethanol at the initial concentration of 1% .   
          The third objective of my studies was to elucidate if mutations that extend 
longevity of each of the three long-lived yeast mutants evolved under laboratory 
conditions influence the relative fitness of each of them in a direct competition assay with 
the parental WT strain. The mutant and parental WT strains used in such competition 
assay were (1) pre-grown separately in media containing a fermentable carbon source 
(i.e., glucose at the initial concentration of 0.2% [CR conditions] or 2% [non-CR 
conditions]) or a non-fermentable carbon source (i.e., ethanol at the initial concentration 
of 1%); and then (2) mixed in equal numbers and co-cultured in media containing 0.2% 





1.7 Thesis outline  
Chapter 1 of my thesis outlines cellular processes that define organismal lifespan in 
eukaryotes, describes an evolutionarily conserved signaling network that governs the 
spatiotemporal organization of these processes, and characterizes dietary and 
pharmacological interventions that extend organismal lifespan across phyla by 
modulating the flow of information along this signaling network. The key features of the 
budding yeast S. cerevisiae, all of which make this unicellular eukaryote a beneficial 
model for uncovering mechanisms of cellular and organismal aging in multicellular 
eukaryotes, are also presented in Chapter 1. Furthermore, this Chapter outlines our 
hypothesis on the xenohormetic, hormetic and cytostatic selective forces driving the 
evolution of longevity regulation mechanisms within ecosystems, and summarizes our 
recent empirical evidence in support of this hypothesis. Moreover, Chapter 1 discusses 
evolutionary theories of aging based on the concept of programmed aging and age-related 
death, and critically compares them to evolutionary aging theories assuming that aging 
and age-related death are non-programmed processes. Findings described in Chapter 1 
are presented in the manuscript of a paper [Burstein MT, Glebov A, Gomez-Perez A, 
Kyryakov P, Akkari R, Asbah N, Titorenko VI. Empirical verification of a hypothesis of 
the xenohormetic, hormetic and cytostatic selective forces driving the evolution of 
longevity regulation mechanisms within ecosystems] that is currently in preparation for 
submission to Biology Open. I expect this manuscript to be submitted for publication in 
late September or early October of 2013.  
          Chapter 2 of my thesis describes experiments aimed at testing if the extended 
longevity of each of the three long-lived yeast mutants that we selected by a lasting 
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exposure to LCA under laboratory conditions is a recessive or a dominant genetic trait 
and if it is a monogenic or polygenic genetic trait. As described in this Chapter, I first 
carried out the backcross mating of each of the three long-lived yeast mutants with a WT 
yeast strain of opposite mating type to create a diploid strain. I then conducted the tetrad 
analysis of meiotic segregants that originated from individual asci for each of the three 
sporulated diploid strains. As described in Chapter 2 of the thesis, my measurement of the 
CLS of the diploid strains and meiotic segregants derived from these monohybrid genetic 
analyses implies that the greatly extended longevity of each of the three long-lived yeast 
mutants evolved under laboratory conditions is a dominant polygenic trait. Findings 
described in Chapter 2 are presented in the manuscript of a paper [Gomez-Perez A, 
Burstein MT, Kyryakov P, Bruno L, Meunier C, Akkari R, Asbah N, Titorenko VI. 
Empirical testing of the evolutionary theories of aging using laboratory-evolved yeast 
mutants with extended lifespan] that is currently in preparation for submission to 
Evolution. I expect this manuscript to be submitted for publication in late November or 
early December of 2013.  
          Chapter 3 of my thesis describes experiments aimed at investigating if the 
dominant mutations that extend longevity of each of the three long-lived yeast mutants 
evolved under laboratory conditions influence early-life fitness if each of these mutants 
grows and ages alone, in the absence of a WT yeast strain that does not carry longevity-
extending mutations. I carried out these experiments by analyzing the following key traits 
of early-life fitness: (1) exponential growth rate of yeast cells; (2) the efficacy of post-
exponential growth of yeast cells; (3) fecundity of yeast cells, which was quantitatively 
assessed by monitoring the efficacies of their sexual reproduction by mating and 
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sporulation; (4) cell susceptibility to chronic oxidative, thermal and osmotic stresses; (5) 
cell susceptibility to a mitochondria-controlled apoptotic form of death triggered by a 
brief exposure to exogenous hydrogen peroxide; and (6) cell susceptibility to a 
“lipoptotic” form of death triggered by a brief exposure to exogenous palmitoleic acid. 
As described in Chapter 3 of the thesis, my analyses revealed that the dominant mutations 
responsible for the extended longevity of each of the three long-lived yeast mutants 
evolved under laboratory conditions do not affect such key traits of early-life fitness as 
the exponential growth rate, efficacy of post-exponential growth and fecundity of yeast 
cells. Moreover, my studies described in Chapter 3 demonstrated that the dominant 
mutations responsible for the extended longevity of each of the three long-lived yeast 
mutants evolved under laboratory conditions enhance such key traits of early-life fitness 
as cell susceptibility to chronic exogenous stresses, mitochondria-controlled apoptosis 
triggered by a brief exposure to exogenous hydrogen peroxide, and lipoptotic form of 
death triggered by a short-term exposure to exogenous palmitoleic acid. Findings 
described in Chapter 3 are presented in the manuscript of a paper [Gomez-Perez A, 
Burstein MT, Kyryakov P, Bruno L, Meunier C, Akkari R, Asbah N, Titorenko VI. 
Empirical testing of the evolutionary theories of aging using laboratory-evolved yeast 
mutants with extended lifespan] that is currently in preparation for submission to 
Evolution. I expect this manuscript to be submitted for publication in late November or 
early December of 2013.   
          Chapter 4 of my thesis describes experiments aimed at elucidating if the dominant 
mutations that extend longevity of each of the three long-lived yeast mutants evolved 
under laboratory conditions influence the relative fitness of each of them in a direct 
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competition assay with the parental WT strain. As described in Chapter 4 of the thesis, 
my analyses revealed that if each of these long-lived mutants grows together with the 
parental WT strain in medium containing ethanol, it is outcompeted within a “laboratory-
like” ecosystem (i.e., forced out of the ecosystem) by the parental WT strain. Findings 
described in Chapter 4 are presented in the manuscript of a paper [Gomez-Perez A, 
Burstein MT, Kyryakov P, Bruno L, Meunier C, Akkari R, Asbah N, Titorenko VI. 
Empirical testing of the evolutionary theories of aging using laboratory-evolved yeast 
mutants with extended lifespan] that is currently in preparation for submission to 
Evolution. I expect this manuscript to be submitted for publication in late November or 
early December of 2013. 
          All abbreviations, citations, and the numbering of figures and tables that have been 
used in the published papers and in the manuscripts in preparation have been changed to 
the format of this thesis. 
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2 The extended longevity of each of the three long-lived yeast mutants evolved 
under laboratory conditions is a dominant polygenic trait 
 
2.1 Abstract 
To empirically validate our recently proposed hypothesis of the xenohormetic, hormetic 
and cytostatic selective forces driving the evolution of longevity regulation mechanisms 
within ecosystems (Figure 1.4) [35, 36], we conducted a multistep selection of long-lived 
yeast mutants by a long-term exposure to LCA under laboratory conditions [52]. Three of 
the 20 selected mutant strains, called 3, 5 and 12, were able to maintain their extended 
lifespans following several passages in medium lacking LCA [52]. Experiments 
described in this chapter of my thesis were aimed at testing if the extended longevity of 
each of the three selected mutants is a recessive or a dominant genetic trait and if it is a 
monogenic or polygenic genetic trait. I first carried out the backcross mating of each of 
the three long-lived yeast mutants with a WT yeast strain of opposite mating type to 
create a diploid strain. I then conducted the tetrad analysis of meiotic segregants that 
originated from individual asci for each of the three sporulated diploid strains. As 
described in this chapter of the thesis, my measurement of the CLS of the diploid strains 
and meiotic segregants derived from these monohybrid genetic analyses implies that the 
greatly extended longevity of each of the three long-lived yeast mutants evolved under 




We recently analyzed how the xenohormetic phytochemicals resveratrol and caffeine, the 
hormetic mild stressors LCA and other bile acids, and the cytostatic macrocyclic lactone 
rapamycin extend longevity of some species of the organisms composing an ecosystem 
after being synthesized and released into the environment by other species of the 
organisms within this ecosystem [35, 36]. Based on our analysis, we proposed a 
hypothesis in which these interspecies chemical signals create xenohormetic, hormetic 
and cytostatic selective forces that drive the ecosystemic evolution of longevity 
regulation mechanisms (Figure 1.4) [35, 36]. A detailed description of this hypothesis can 
be found in Chapter 1 of my thesis. In brief, our hypothesis of the xenohormetic, 
hormetic and cytostatic selective forces driving the evolution of longevity regulation 
mechanisms at the ecosystemic level posits that such evolution in each species of the 
organisms composing an ecosystem is driven by the ability of this species to undergo 
specific lifespan-extending metabolic or physiological changes in response to 
xenohormetic, hormetic or cytostatic chemical compounds released into the environment 
by other species of the organisms within this ecosystem. We sought to use an empirical 
approach to verify the proposed hypothesis. We therefore conducted a multistep selection 
of long-lived yeast mutants by a lasting exposure to LCA under laboratory conditions and 
selected 20 of such mutants [52]. Three of them, called 3, 5 and 12, were able to maintain 
their greatly extended lifespans following five passages in medium without LCA [52]. As 
a first step towards using these three long-lived yeast mutants evolved under laboratory 
conditions for empirical verification of various evolutionary theories of aging and age-
related death, in experiments described in this chapter of my thesis I elucidated if the 
extended longevity of each of them is a recessive or a dominant genetic trait. I also 
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assessed if the extended longevity of each of these mutants is due to a single-gene 
mutation or is a polygenic genetic trait. My experimental approach consisted in using the 
backcross mating of each of the three long-lived yeast mutants evolved under laboratory 
conditions with a WT yeast strain of opposite mating type to create a diploid strain; I then 
compared the CLS of each of the resulting diploid strains to those of the parental haploid 
mutant and WT strains as well as to the CLS of diploids formed between two WT strains 
of opposite mating types (i.e., a and α). Moreover, I subjected meiotic segregants that 
originated from individual asci for each of the three sporulated diploids to a tetrad 
analysis by comparing the CLS of individual meiotic segregants to those of the parental 
mutant and WT strains.   
 
2.3 Materials and Methods 
Yeast strains  
The haploid WT strains BY4741 (MATa his31 leu20 met150 ura30) and BY4742 
(MATα his31 leu20 lys20 ura30) of the yeast S. cerevisiae (both from Open 
Biosystems) as well as the long-lived mutant strains 3, 5 and 12 (each in the BY4742 
genetic background) were used in this study.  
 
Qualitative mating assay 
A small patch of cells of the haploid WT strain BY4741 (MATa his31 leu20 met150 
ura30) was applied to the surface of a master YEPD (1% yeast extract, 2% peptone, 2% 
glucose, 2% agar) plate. 106 cells of mating type α (i.e., the haploid WT strain BY4742 
[MATα his31 leu20 lys20 ura30] or the selected long-lived haploid mutant strains 
 34 
3, 5 or 12) were spread on the surface of a separate crossing plate with YEPD medium. 
The master plate was replica plated onto a lawn of cells on each of the four crossing 
plates; different velvet was used for each crossing plate. The crossing plates were 
incubated overnight at 30oC. Each of the four crossing plates was then replica plated onto 
a synthetic minimal YNB medium plate (0.67% Yeast Nitrogen Base without Amino 
Acids, 2% glucose, 2% agar) supplemented with 20 mg/l L-histidine, 30 mg/l L-leucine 
and 20 mg/l uracil. These plates were incubated overnight at 30oC. A positive mating 
reaction between cells of the the haploid WT strain BY4741 (MATa his31 leu20 
met150 ura30) and cells of the haploid WT strain BY4742 (MATα his31 leu20 
lys20 ura30) or cells of each of the selected long-lived haploid mutant strains 3, 5 or 
12 resulted in confluent growth of diploid cells on a YNB plate (supplemented with L-
histidine, L-leucine and uracil) at the position of a patch of haploid BY4741 cells.       
 
Qualitative sporulation assay 
Cells of each of the four diploid strains recovered in the qualitative mating assay were 
spread on a separate SPO (0.1% yeast extract, 1% potassium acetate, 0.05% glucose, 2% 
agar) plate supplemented with 20 mg/l L-histidine, 30 mg/l L-leucine and 20 mg/l uracil. 
The plates were incubated at 30oC for 5-6 days, until numerous asci were observed 
microscopically.   
  
Dissection of asci, separation of ascospores and tetrad analysis 
An inoculating loop was used to resuspend spores from the lawn on SPO plates in 50 µl 
of 0.2 mg/ml Zymolyase solution in sterile water. The suspension of spores was 
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incubated for 10 min at room temperature. 450 µl of sterile water was gently added to the 
suspension of spores. The mix was then incubated for 30-40 min at room temperature. An 
inoculating loop was used to spread an aliquot of digested asci onto a tetrad dissecting 
YEPDD (1% yeast extract, 2% peptone, 2% glucose, 4% agar) plate. Dissection of asci, 
separation of ascospores and tetrad analysis were performed according to established 
procedures [105]. 
  
A plating assay for the analysis of CLS 
Cells were grown in YP medium (1% yeast extract, 2% peptone) initially containing 
0.2% glucose as carbon source at 30oC with rotational shaking at 200 rpm in Erlenmeyer 
flasks at a flask volume/medium volume ratio of 5:1. A sample of cells was removed 
from each culture at various time points. A fraction of the cell sample was diluted in 
order to determine the total number of cells per ml of culture using a hemacytometer. 10 
l of serial dilutions (1:10 to 1:103) of cells were applied to the hemacytometer, where 
each large square is calibrated to hold 0.1 l. The number of cells in 4 large squares was 
then counted and an average was taken in order to ensure greater accuracy. The 
concentration of cells was calculated as follows: number of cells per large square x 
dilution factor × 10 × 1,000 = total number of cells per ml of culture. A second fraction 
of the cell sample was diluted and serial dilutions (1:102 to 1:105) of cells were plated 
onto YEPD (1% yeast extract, 2% peptone, 2% glucose) plates in triplicate in order to 
count the number of viable cells per ml of each culture. 100 l of diluted culture was 
plated onto each plate. After 48-h incubation at 30oC, the number of colonies per plate 
was counted. The number of colony forming units (CFU) equals to the number of viable 
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cells in a sample. Therefore, the number of viable cells was calculated as follows: number 
of colonies × dilution factor × 10 = number of viable cells per ml. For each culture 
assayed, % viability of the cells was calculated as follows: number of viable cells per ml / 
total number of cells per ml × 100%. The % viability of cells in mid-logarithmic phase 
was set at 100% viability for that particular culture. 
 
2.4 Results 
2.4.1 The extended longevity of each of the three long-lived yeast mutants evolved 
under laboratory conditions is a dominant genetic trait 
Using qualitative mating assay, I subjected each of the three long-lived yeast mutants 
(each of mating type α and in the BY4742 genetic background, i.e., MATα his31 leu20 
lys20 ura30) evolved under laboratory conditions to the backcross mating with the 
WT strain BY4741 (MATa his31 leu20 met150 ura30) of opposite mating type. I 
also used this assay to create a WT  WT diploid strain that was formed by mating 
between the haploid WT strains BY4741 (MATa his31 leu20 met150 ura30) and 
BY4742 (MATα his31 leu20 lys20 ura30). I then compared the CLS of each, the 
WT  3, WT  5 and WT  12 diploid strain, to those of the parental haploid mutant 
and WT strains as well as to the CLS of the WT  WT diploid strain; yeast cells were 
cultured under CR conditions in the nutrient-rich YP (1% yeast extract, 2% peptone) 
medium initially containing low (0.2%) concentration of glucose. I found that 
chronologically aging cells of the WT  3, WT  5 and WT  12 diploid strains live 
(1) almost as long as chronologically aging cells of the parental haploid mutant strain; 




maximum CLS of the parental haploid mutant strains exceeded those of the parental 
haploid WT strain (Figures 2.2A, 2.2B and 2.2C, respectively).    
          Based on these observations, I concluded that the extended longevity of each of the 
three long-lived yeast mutants evolved under laboratory conditions is a dominant genetic 
trait. 
 
2.4.2 The extended longevity of each of the three long-lived yeast mutants evolved 
under laboratory conditions is a polygenic genetic trait 
To elucidate if the extended longevity of each of the three long-lived yeast mutants 
evolved under laboratory conditions is a monogenic or polygenic genetic trait, I first 
subjected the WT  3, WT  5 and WT  12 diploid strains to sporulation. I then 
removed the outer cell wall surrounding the four ascospores within individual asci by 
treatment with Zymolyase, and used micromanipulation to separate these ascospores. For 
each of the three sporulated diploids, I conducted tetrad analysis of ascospores from six 
randomly chosen asci (the four ascospores recovered within each ascus) by comparing 
the CLS of individual meiotic segregants to those of the parental mutant and WT strains.  
          If the extended longevity of a long-lived yeast mutant evolved under laboratory 
conditions is a monogenic genetic trait, it was expected that (1) chronologically aging 
cells of two of the four ascospores within each of the six tetrads do not exhibit an 
extended CLS characteristic of the parental mutant strain and live almost as long as cells 
of the parental WT strain; and (2) chronologically aging cells of two other ascospores 
within each of the six tetrads display a prolonged CLS characteristic of the parental 
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of two of the four ascospores within one out of the six tetrads do not exhibit an extended 
CLS characteristic of the parental mutant strain and live almost as long as cells of the 
parental WT strain, whereas chronologically aging cells of two other ascospores within 
this tetrad display a prolonged CLS characteristic of the parental mutant strain and live 
significantly longer than cells of the parental WT strain (see a parental ditype [PD] ascus 
for randomly assorted genes in Figure 2.4); (2) chronologically aging cells of all four 
ascospores within one out of the six tetrads exhibit an extended CLS characteristic of the 
parental mutant strain (see a non-parental ditype [NPD] ascus for randomly assorted 
genes in Figure 2.4); and (3) chronologically aging cells of one of the four ascospores 
within four out of the six tetrads do not exhibit an extended CLS characteristic of the 
parental mutant strain and live almost as long as cells of the parental WT strain, whereas 
chronologically aging cells of three other ascospores within each of these tetrads display 
a prolonged CLS characteristic of the parental mutant strain and live significantly longer 
than cells of the parental WT strain (see a tetratype [T] ascus for randomly assorted genes 
in Figure 2.4) [105]. Furthermore, if the extended longevity of a long-lived yeast mutant 
evolved under laboratory conditions is due to mutations in two genes - e.g., the dominant 
mutations Ad and Bd in the genes A and B, respectively – and if these two genes are 
tightly linked, it was expected that (1) chronologically aging cells of two of the four 
ascospores within three (or likely more) out of the six tetrads do not exhibit an extended 
CLS characteristic of the parental mutant strain and live almost as long as cells of the 
parental WT strain, whereas chronologically aging cells of two other ascospores within 
each of these tetrads display a prolonged CLS characteristic of the parental mutant strain 
and live significantly longer than cells of the parental WT strain (see a PD ascus for 
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linked to each other genes in Figure 2.4); and (2) chronologically aging cells of all four 
ascospores within three (or likely less) out of the six tetrads exhibit an extended CLS 
characteristic of the parental mutant strain (see a an NPD ascus for linked to each other 
genes in Figure 2.4) [105]. Moreover, if the extended longevity of a long-lived yeast 
mutant evolved under laboratory conditions is due to mutations in two genes - e.g., the 
dominant mutations Ad and Bd in the genes A and B, respectively – and if these two genes 
are linked to their respective centromeres, it was expected that (1) chronologically aging 
cells of two of the four ascospores within one (or likely more) out of the six tetrads do not 
exhibit an extended CLS characteristic of the parental mutant strain and live almost as 
long as cells of the parental WT strain, whereas chronologically aging cells of two other 
ascospores within this tetrad display a prolonged CLS characteristic of the parental 
mutant strain and live significantly longer than cells of the parental WT strain (see a PD 
ascus for two genes linked to their respective centromeres in Figure 2.4); (2) 
chronologically aging cells of all four ascospores within one (or likely more) out of the 
six tetrads exhibit an extended CLS characteristic of the parental mutant strain (see an 
NPD ascus for two genes linked to their respective centromeres in Figure 2.4); and (3) 
chronologically aging cells of one of the four ascospores within four (or likely less) out 
of the six tetrads do not exhibit an extended CLS characteristic of the parental mutant 
strain and live almost as long as cells of the parental WT strain, whereas chronologically 
aging cells of three other ascospores within each of these tetrads display a prolonged CLS 
characteristic of the parental mutant strain and live significantly longer than cells of the 
parental WT strain (see a T ascus for two genes linked to their respective centromeres in 














Figure 2.4. (A) The three possible ratios of the parental ditype [PD], non-parental 
ditype [NPD] and tetratype [T] tetrads for an AB  ab hybrid which is heterozygous 
for two genes. These ratios depend on the distance between genes A and B as well as on 
the linkage of each of them to their respective centromeres. A different ratio of the PD, 
NPD and T tetrads for the AB  ab hybrid is expected in the following three situations: 
(1) the A and B genes are widely separated on the same chromosome, or are on different 
chromosomes and at least one of them is not centromere-linked; (2) the A and B genes are 
tightly linked; and (3) the A and B genes are linked to their respective centromeres. (B) 
The PD, NPD and T types of tetrads for the AB  ab hybrid originate when there is 
no crossover, single crossover or double crossovers within an interval between the A 
and B genes. Reproduced from reference 105.   
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          I compared the CLS of individual meiotic segregants originated from the WT  3, 
WT  5 and WT  12 diploid strains to the CLS of the parental mutant and WT strains. 
This comparative analysis revealed that: (1) chronologically aging cells of all four 
ascospores within each of the six tested tetrads exhibit an extended CLS characteristic of 
the parental mutant strain and live significantly longer than cells of the parental WT 
strain; and (2) this relationship between the CLS of individual meiotic segregants, the 
parental mutant strain and the parental WT strain is observed for each of the three diploid 
strains, namely WT  3, WT  5 and WT  12 (Figures 2.5 to 2.10). Importantly, for 
each of these diploids the observed relationship between the CLS of individual meiotic 
segregants, the parental mutant strain and the parental WT strain differed from a 
relationship that was expected if the extended longevity of a long-lived yeast mutant 
evolved under laboratory conditions is due to a single-gene mutation or mutations in two 
genes (see above). Indeed, if the trait of extended longevity was monogenic, it was 
anticipated that two of the four ascospores within each of the six randomly chosen tetrads 
do not exhibit an extended CLS characteristic of the parental mutant strain and live 
almost as long as cells of the parental WT strain (see above). Furthermore, if the trait of 
extended longevity was caused by mutations in two genes, it was projected that one or 
two of the four ascospores within three, four or five out of the six randomly chosen 
tetrads do not exhibit an extended CLS characteristic of the parental mutant strain and 
live almost as long as cells of the parental WT strain (see above).     
          Based on all these observations, I concluded that the extended longevity of each of 
the three long-lived yeast mutants evolved under laboratory conditions is a polygenic 









Findings described in this chapter of my thesis provide comprehensive evidence that the 
extended longevity of each of the three long-lived yeast mutants evolved under laboratory 
conditions is a dominant polygenic trait caused by mutations in more than two genes.  
          The major challenge now is to get a greater insight into molecular and cellular 
mechanisms underlying the extended longevity of each of the three long-lived yeast 
mutants evolved under laboratory conditions. To address this challenge, the following 
important questions need to be answered.  
          First, what genes are affected by dominant mutations responsible for the extended 
longevity of each of the three long-lived yeast mutants selected by a lasting exposure to 
LCA? To answer this question, the entire genome of each of these mutant strains needs to 
be sequenced and to be compared to the genome sequence of the parental WT strain. This 
will enable to establish, for the first time, the molecular landscape of the evolution of 
longevity under laboratory conditions. 
          Second, which molecular components of the two currently known signaling 
networks governing cellular aging in yeast (Figure 2.11) [3, 6, 21] are affected by 
dominant mutations responsible for the extended longevity of each of the three long-lived 
yeast mutants evolved under laboratory conditions? One of these networks integrates the 
TOR and cAMP/PKA signaling pathways that are called “adaptable” because they 
regulate longevity only in response to certain changes in the extracellular and 
intracellular nutrient and energy status of a yeast cell (Figure 2.11) [1, 3, 6 - 8, 21]. 
Recent evidence supports the view that this pro-aging adaptable signaling network has 
evolved to limit lifespan in evolutionarily distant organisms in a species-specific fashion  
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status of a cell; and (2) do not overlap (or only partially overlap) with the adaptable 
longevity pathways that are under the stringent control of calorie and/or nutrient 
availability (Figure 2.11) [21].  
          Importantly, it has been shown this housekeeping longevity signaling network in 
chronologically aging yeast is modulated by LCA (Figure 2.11) [21]. Because we 
selected each of the three long-lived yeast mutants by a long-term exposure of cells to 
LCA [52], I propose here that their extended longevity is caused by dominant mutations 
that affect the modulated by LCA housekeeping longevity signaling network. LCA is 
known to extend longevity of chronologically aging yeast by targeting two different 
mechanisms (Figure 2.11) [21]. One mechanism extends longevity regardless of the 
number of available calories. This mechanism involves the LCA-governed modulation of 
certain housekeeping longevity assurance pathways that do not overlap with the 
adaptable TOR and cAMP/PKA pathways (Figure 2.11); several recent papers from our 
laboratory identify a compendium of processes that compose LCA-targeted housekeeping 
longevity assurance pathways [2, 21, 29 - 32]. As a recent study from our laboratory has 
revealed, the other mechanism underlying the longevity-extending effect of LCA in 
chronologically aging yeast consists in LCA-driven unmasking of the previously 
unknown anti-aging potential of PKA, a key player in the adaptable cAMP/PKA pathway 
(Figure 2.11) [21]. Based on the findings of this study, it has been proposed that LCA 
uncovers the anti-aging potential of PKA by activating PKA-dependent phosphorylation 
of the cytosolic pool of a nutrient-sensory protein kinase Rim15p (Figure 2.11) [21]. It is 
well known that (1) the adaptable TOR and cAMP/PKA pathways converge on Rim15p 
to regulate yeast longevity in a calorie availability-dependent fashion; and (2) the nuclear 
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pool of Rim15p plays an anti-aging role by enabling a pro-longevity transcriptional 
program driven by transcription factors Msn2p, Msn4p and Gis1p (Figure 2.11) [21, 106, 
107]. In a proposed by our laboratory mechanism underlying the LCA-driven unmasking 
of the previously unknown anti-aging potential of PKA (1) unlike its nuclear pool, the 
cytosolic pool of Rim15p has an essential pro-aging function in phosphorylating a 
distinct set of its cytosolic target proteins [108] some of which promote yeast aging only 
if phosphorylated; (2) under non-CR conditions LCA activates the PKA-dependent 
phosphorylation of Rim15p; and (3) because the phosphorylation of Rim15p inactivates 
its protein kinase activity [107], the dephosphorylation of pro-aging target proteins of 
Rim15p in the cytosol by phosphatases inhibits the ability of these target proteins to 
promote aging (Figure 2.11) [21]. 
          All these considerations provide a valuable conceptual framework for the near 
future studies in our laboratory aimed at elucidating which molecular components of the 
two described above signaling networks governing cellular aging (Figure 2.11) are 
affected by dominant mutations responsible for the extended longevity of each of the 





3 Dominant mutations responsible for the extended longevity of each of the 
three long-lived yeast mutants evolved under laboratory conditions do not 
affect several key traits of early-life fitness and enhance other such traits if 
each of these mutants grows and ages in the absence of a parental WT yeast 
strain     
 
3.1 Abstract 
The objective of experiments described in this chapter was to perform the initial and 
essential test for empirical validation of evolutionary theories of programmed or non-
programmed aging and age-related death. To attain this objective, I investigated if the 
dominant mutations that extend longevity of each of the three long-lived yeast mutants 
evolved under laboratory conditions influence early-life fitness when each of these 
mutants grows and ages alone, in the absence of a parental WT yeast strain that does not 
carry longevity-extending mutations. As described in this chapter, my studies revealed 
that these mutations do not affect such key traits of early-life fitness as the exponential 
growth rate, efficacy of post-exponential growth and fecundity of yeast cells. Moreover, 
my studies demonstrated that the dominant mutations responsible for the extended 
longevity of each of the three long-lived yeast mutants evolved under laboratory 
conditions enhance such key traits of early-life fitness as cell susceptibility to chronic 
exogenous stresses, mitochondria-controlled apoptosis triggered by a brief exposure to 
exogenous hydrogen peroxide, and lipoptotic form of death triggered by a short-term 
exposure to exogenous palmitoleic acid. Taken together, these findings provide 
irrefutable proof of evolutionary theories of aging based on the concept of programmed 
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aging and age-related death and invalidate evolutionary theories of non-programmed 
aging and age-related death. 
 
3.2 Introduction 
As detailed in Chapter 1 of my thesis, the initial and essential test for empirical validation 
of evolutionary theories of programmed or non-programmed aging and age-related death 
consists in evaluating how a longevity-extending genetic intervention influences early-
life fitness of an organism under laboratory conditions; under such conditions (i.e., in the 
absence of natural selection) long-lived mutants of evolutionarily distant species grow, 
develop and age alone, in the absence of “WT” individuals of the same species that do 
not carry longevity-extending mutations and thus do not have lifespan extended beyond a 
species-specific age. It needs to be emphasized that all evolutionary theories of non-
programmed aging and age-related death posit that under such conditions any longevity-
extending genetic intervention must reduce early-life fitness of an organism [57, 59, 69, 
98 - 104]. In contrast, all contemporary evolutionary theories of programmed aging and 
age-related death assume that only those longevity-extending genetic interventions that 
affect critical for early-life fitness modules of the pro-aging signaling network could 
reduce such fitness, whereas the longevity-extending genetic interventions that affect 
other modules of such signaling network are unlikely to have an effect on organismal 
early-life fitness [66, 78 - 91]. I sought to perform the initial and essential test for 
empirical validation of these two groups of theories by investigating if the dominant 
mutations that extend longevity of each of the three long-lived yeast mutants evolved 
under laboratory conditions influence early-life fitness when each of these mutants was 
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incubated alone, in the absence of a parental WT yeast strain that does not carry 
longevity-extending mutations. To attain this objective, I analyzed the following key 
traits of early-life fitness: (1) exponential growth rate of yeast cells in media containing a 
fermentable carbon source (i.e., glucose at the initial concentration of 0.2% [CR 
conditions] or 2% [non-CR conditions]) or a non-fermentable carbon source (i.e., ethanol 
at the initial concentration of 1% or glycerol at the initial concentration of 3%); (2) the 
efficacy of post-exponential growth of yeast cells in media containing a fermentable 
carbon source (i.e., glucose at the initial concentration of 0.2% [CR conditions] or 2% 
[non-CR conditions]) or a non-fermentable carbon source (i.e., ethanol at the initial 
concentration of 1% or glycerol at the initial concentration of 3%); (3) fecundity of yeast 
cells, which was quantitatively assessed by monitoring the efficacies of their sexual 
reproduction by mating and sporulation following recovery of cells that were pre-grown 
in media containing glucose at the initial concentration of 0.2% [CR conditions] or 
ethanol at the initial concentration of 1%; (4) cell susceptibility to chronic oxidative, 
thermal and osmotic stresses administered to yeast cells that were pre-grown in media 
containing glucose at the initial concentration of 0.2% [CR conditions] or ethanol at the 
initial concentration of 1%; (5) cell susceptibility to a mitochondria-controlled apoptotic 
form of death triggered by a brief exposure to exogenous hydrogen peroxide of yeast 
cells that were pre-grown in media containing glucose at the initial concentration of 0.2% 
[CR conditions] or ethanol at the initial concentration of 1%; and (6) cell susceptibility to 
a “lipoptotic” form of death triggered by a brief exposure to exogenous palmitoleic acid 
of yeast cells that were pre-grown in media containing glucose at the initial concentration 
of 0.2% [CR conditions] or ethanol at the initial concentration of 1% .   
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3.3 Materials and Methods 
Yeast strains and growth conditions 
The haploid WT strains BY4741 (MATa his31 leu20 met150 ura30) and BY4742 
(MATα his31 leu20 lys20 ura30) of the yeast S. cerevisiae, the long-lived mutant 
strains 3, 5 and 12 (each in the BY4742 genetic background), as well as the single-gene-
deletion mutant strains rpp2BΔ (MATα his31 leu20 lys20 ura30 rpp2B::kanMX4) 
and dbp3Δ (MATα his31 leu20 lys20 ura30 dbp3::kanMX4) (each in the BY4742 
genetic background) were used in this study. All strains were from Open Biosystems. 
Cells were grown in YP medium (1% yeast extract, 2% peptone) initially containing 
0.2% glucose (a fermentable carbon source; CR conditions), 2% glucose (a fermentable 
carbon source; non-CR conditions), 1% ethanol (a non-fermentable carbon source) or 3% 
glycerol (a non-fermentable carbon source). Cells were cultured at 30oC with rotational 
shaking at 200 rpm in Erlenmeyer flasks at a “flask volume/medium volume” ratio of 5:1.  
 
Quantitative mating assay 
Cultures of mating type MATa (i.e., the haploid WT strain BY4741 [MATa his31 
leu20 met150 ura30]) and mating type α (i.e., the haploid WT strain BY4742 [MATα 
his31 leu20 lys20 ura30] or the selected long-lived haploid mutant strains 3, 5 or 
12) were grown separately to mid-logarithmic phase in YP medium (1% yeast extract, 
2% peptone) initially containing 0.2% glucose (a fermentable carbon source; CR 
conditions) or 1% ethanol (a non-fermentable carbon source). Equal numbers (5×106) of 
cells of each mating type were mixed and then collected on a 0.45-µm pore, 25-mm 
diameter nitrocellulose (NC) filter. The filters were placed on the surface of a YEPD (1% 
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yeast extract, 2% peptone, 2% glucose, 2% agar) plate and incubated at 30oC for 5 hours. 
The filters were then transferred to Eppendorf tubes and resuspended in 1 ml of a 
synthetic minimal YNB medium plate (0.67% Yeast Nitrogen Base without Amino 
Acids, 2% glucose). The suspensions were used for serial 10-fold dilutions. 100-μl 
aliquots of each dilution were spread on (1) a synthetic minimal YNB medium plate 
(0.67% Yeast Nitrogen Base without Amino Acids, 2% glucose, 2% agar) without 
supplements; and (1) a synthetic minimal YNB medium plate supplemented with 20 mg/l 
L-histidine, 30 mg/l L-leucine and 20 mg/l uracil. These plates were incubated at 30oC 
for 2 days. The numbers of diploid cells (Nd) were counted on synthetic minimal YNB 
medium plates without supplements, whereas the total numbers of cells (Nt) were counted 
on synthetic minimal YNB medium plates supplemented with 20 mg/l L-histidine, 30 
mg/l L-leucine and 20 mg/l uracil. The efficiency of mating was calculated as the number 
of colonies of MATa/MATα diploids (Nd) divided by the sum of MATa/MATα diploids 
plus haploid colonies (Nt). Crosses between two WT strains of opposite mating types 
(i.e., the haploid strain BY4741 [MATa his31 leu20 met150 ura30]) and the haploid 
strain BY4742 [MATα his31 leu20 lys20 ura30]) were used as controls. All tests 
were carried out in triplicate in three independent experiments. 
 
Quantitative sporulation assay 
A small patch of cells of the haploid WT strain BY4741 (MATa his31 leu20 met150 
ura30) was applied to the surface of a master YEPD (1% yeast extract, 2% peptone, 2% 
glucose, 2% agar) plate. 106 cells of mating type α (i.e., the haploid WT strain BY4742 
[MATα his31 leu20 lys20 ura30] or the selected long-lived haploid mutant strains 
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3, 5 or 12) were spread on the surface of a separate crossing plate with YEPD medium. 
The master plate was replica plated onto a lawn of cells on each of the four crossing 
plates; different velvet was used for each crossing plate. The crossing plates were 
incubated overnight at 30oC. Each of the four crossing plates was then replica plated onto 
a synthetic minimal YNB medium plate (0.67% Yeast Nitrogen Base without Amino 
Acids, 2% glucose, 2% agar) supplemented with 20 mg/l L-histidine, 30 mg/l L-leucine 
and 20 mg/l uracil. These plates were incubated overnight at 30oC. A positive mating 
reaction between cells of the the haploid WT strain BY4741 (MATa his31 leu20 
met150 ura30) and cells of the haploid WT strain BY4742 (MATα his31 leu20 
lys20 ura30) or cells of each of the selected long-lived haploid mutant strains 3, 5 or 
12 resulted in confluent growth of diploid cells on a YNB plate (supplemented with L-
histidine, L-leucine and uracil) at the position of a patch of haploid BY4741 cells. To 
measure sporulation efficiency, cells of each of the four recovered diploid strains were 
first grown to mid-logarithmic phase in YP medium (1% yeast extract, 2% peptone) 
initially containing 0.2% glucose (a fermentable carbon source; CR conditions) or 1% 
ethanol (a non-fermentable carbon source). The cell cycle of these cells was then 
synchronized by growing them in YPA medium (1% yeast extract, 2% peptone, 2% 
potassium acetate) from a starting optical density at 600 nm (OD600) of 0.2 to final OD600 
of 1.0; cells were cultured at 30oC with rotational shaking at 200 rpm in Erlenmeyer 
flasks at a “flask volume/medium volume” ratio of 10:1. 2×107 of cells from this 
synchronized culture were then incubated in liquid SPO (0.1% yeast extract, 1% 
potassium acetate, 0.05% glucose) medium supplemented with 20 mg/l L-histidine, 30 
mg/l L-leucine and 20 mg/l uracil at 30oC for the duration of experiment. At various time 
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points, aliquots of cells were examined for sporulation efficiency by DIC microscopy 
with an Olympus BX microscope with a  100 oil immersion objective. Sporulation 
efficiency was measured as the percentage of tetrads and dyads produced by a strain, 
relative to the total number of cells. All tests were carried out in triplicate in three 
independent experiments. 
 
Plating assays for the analysis of cell susceptibility to various chronic stresses 
For the analysis of hydrogen peroxide (oxidative stress) resistance, serial dilutions (1:100 
to 1:105) of WT and mutant cells removed from each culture at various time-points were 
spotted onto two sets of plates. One set of plates contained YP medium with 2% glucose 
alone, whereas the other set contained YP medium with 2% glucose supplemented with 5 
mM hydrogen peroxide. Pictures were taken after a 3-day incubation at 30oC. For the 
analysis of thermal stress resistance, serial dilutions (1:100 to 1:105) of WT and mutant 
cells removed from each culture at various time-points were spotted onto two sets of 
plates containing YP medium with 2% glucose. One set of plates was incubated at 30oC. 
The other set of plates was initially incubated at 55oC for 30 min, and was then 
transferred to 30oC. Pictures were taken after a 3-day incubation at 30oC. For the analysis 
of osmotic stress resistance, serial dilutions (1:100 to 1:105) of WT and mutant cells 
removed from each culture at various time-points were spotted onto two sets of plates. 
One set of plates contained YP medium with 2% glucose alone, whereas the other set 
contained YP medium with 2% glucose supplemented with 1 M sorbitol. Pictures were 
taken after a 3-day incubation at 30oC. 
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 Cell viability assay for monitoring the susceptibility of yeast to an apoptotic mode 
of cell death induced by hydrogen peroxide  
A sample of cells was taken from a culture at a certain time-point. A fraction of the 
sample was diluted in order to determine the total number of cells using a 
hemacytometer. 2 × 107 cells were harvested by centrifugation for 1 min at 21,000 × g at 
room temperature and resuspended in 2 ml of YP medium containing 0.2% glucose as 
carbon source. Each cell suspension was divided into 2 equal aliquots. One aliquot was 
supplemented with hydrogen peroxide to the final concentration of 2.5 mM, whereas 
other aliquot remained untreated. Both aliquots were then incubated for 2 h at 30oC on a 
Labquake rotator set for 360o rotation. Serial dilutions of cells were plated in duplicate 
onto plates containing YP medium with 2% glucose as carbon source. After 2 d of 
incubation at 30oC, the number of colony forming units (CFU) per plate was counted. 
The number of CFU was defined as the number of viable cells in a sample. For each 
aliquot of cells exposed to hydrogen peroxide, the % of viable cells was calculated as 
follows: (number of viable cells per ml in the aliquot exposed to hydrogen 
peroxide/number of viable cells per ml in the control aliquot that was not exposed to 
hydrogen peroxide) × 100. 
 
Cell viability assay for monitoring the susceptibility of yeast to a lipoptotic mode of 
cell death induced by palmitoleic acid 
A sample of cells was taken from a culture at a certain time-point. A fraction of the 
sample was diluted in order to determine the total number of cells using a 
hemacytometer. 2 × 107 cells were harvested by centrifugation for 1 min at 21,000 × g at 
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room temperature and resuspended in 2 ml of YP medium containing 0.2% glucose as 
carbon source. Each cell suspension was divided into 2 equal aliquots. One aliquot was 
supplemented with palmitoleic acid (#P9417; Sigma) from a 50 mM stock solution (in 
10% chloroform, 45% hexane and 45% ethanol); the final concentration of palmitoleic 
acid was 0.15 mM (in 0.03% chloroform, 0.135% hexane and 0.135% ethanol). Other 
aliquot was supplemented with chloroform, hexane and ethanol added to the final 
concentrations of 0.03%, 0.135% and 0.135%, respectively. Both aliquots were then 
incubated for 2 h at 30oC on a Labquake rotator set for 360o rotation. Serial dilutions of 
cells were plated in duplicate onto plates containing YP medium with 2% glucose as 
carbon source. After 2 d of incubation at 30oC, the number of CFU per plate was counted. 
The number of CFU was defined as the number of viable cells in a sample. For each 
aliquot of cells exposed to palmitoleic acid, the % of viable cells was calculated as 
follows: (number of viable cells per ml in the aliquot exposed to palmitoleic acid/number 




Statistical analysis was performed using Microsoft Excel’s (2010) Analysis ToolPack-
VBA. All data are presented as mean ± SEM. The p values were calculated using an 
unpaired two-tailed t test. 





3.4.1 Dominant mutations that extend longevity of each of the three long-lived 
yeast mutants evolved under laboratory conditions do not affect such key 
traits of early-life fitness as the exponential growth rate, efficacy of post-
exponential growth and fecundity of yeast cells 
To perform the initial and essential test for empirical validation of evolutionary theories 
of programmed or non-programmed aging and age-related death, I elucidated if the 
dominant mutations that extend longevity of each of the three long-lived yeast mutants 
evolved under laboratory conditions influence early-life fitness when each of these 
mutants grows and ages alone, in the absence of a parental WT yeast strain that does not 
carry longevity-extending mutations. I first tested if the long-lived mutant strains 3, 5 
and/or 12 exhibit altered exponential growth rate and/or efficacy of post-exponential 
growth in media containing (1) a fermentable carbon source - i.e., glucose at the initial 
concentration of 0.2% [CR conditions] or 2% [non-CR conditions]; and 2) a non-
fermentable carbon source - i.e., ethanol at the initial concentration of 1% or glycerol at 
the initial concentration of 3%. In these experiments, I used the single-gene-deletion 
mutant strains rpp2BΔ and dbp3Δ as control strains known to exhibit an extended 
replicative lifespan and reduced growth rate on 2% glucose; rpp2BΔ lacks a gene 
encoding ribosomal protein P2 beta, whereas dbp3Δ lacks a gene encoding a DEAD-box 
family protein involved in ribosomal biogenesis [109]. 
          By monitoring the OD600 of cell cultures recovered at different growth phases as a 






strains 3, 5 or 12) were pre-grown separately to mid-logarithmic phase in YP medium 
(1% yeast extract, 2% peptone) initially containing 0.2% glucose (a fermentable carbon 
source; CR conditions) or 1% ethanol (a non-fermentable carbon source). The efficiency 
of mating was measured as described in the “Materials and methods” section; it was 
calculated as the number of colonies of MATa/MATα diploids divided by the sum of 
MATa/MATα diploids plus haploid colonies. Crosses between two WT strains of opposite 
mating types (i.e., the haploid strain BY4741 [MATa his31 leu20 met150 ura30]) 
and the haploid strain BY4742 [MATα his31 leu20 lys20 ura30]) were used as 
controls. I found that (1) the long-lived mutant strains 3, 5 and 12 do not differ from the 
parental WT strain BY4742 in efficacy of their sexual reproduction by mating if pre-
grown in medium initially containing 0.2% glucose (a fermentable carbon source; CR 
conditions) (Figure 3.5); and (2) the long-lived mutant strains 3, 5 and 12 do not differ 
from the parental WT strain BY4742 in efficacy of their sexual reproduction by mating if 
pre-grown in medium initially containing 1% ethanol (a non-fermentable carbon source) 
(Figure 3.5). 
          I then assessed if the long-lived mutant strains 3, 5 and/or 12 exhibit altered 
efficacy of their sexual reproduction by sporulation, another measure of fecundity. In 
these experiments, each of the four diploid strains formed between cells of the haploid 
WT strain BY4741 (MATa his31 leu20 met150 ura30) and cells of the haploid WT 
strain BY4742 (MATα his31 leu20 lys20 ura30) or cells of each of the selected 
long-lived haploid mutant strains 3, 5 or 12 were pre-grown to mid-logarithmic phase in 
YP medium (1% yeast extract, 2% peptone) initially containing 0.2% glucose (a 




the “Materials and methods” section; it was calculated as the percentage of tetrads and 
dyads produced by a diploid strain, relative to the total number of cells. Data are 
presented as means ± SEM (n = 3). 
 
source). The efficiency of sporulation of each of the four diploid strains was measured at 
various time points since the beginning of a sporulation assay as described in the 
“Materials and methods” section; it was calculated as the percentage of tetrads and dyads 
produced by a diploid strain, relative to the total number of cells. I found that (1) the 
long-lived mutant strains 3, 5 and 12 do not differ from the parental WT strain BY4742 
in efficacy of their sexual reproduction by sporulation when cells of the hybrid each of 
them formed with the haploid WT strain BY4741 of opposite mating type were pre-
grown in medium initially containing 0.2% glucose (a fermentable carbon source; CR 
conditions) (Figure 3.6); and (2) the long-lived mutant strains 3, 5 and 12 do not differ 
from the parental WT strain BY4742 in efficacy of their sexual reproduction by 
sporulation when cells of the hybrid each of them formed with the haploid WT strain 
BY4741 of opposite mating type were pre-grown in medium initially containing 1% 
ethanol (a non-fermentable carbon source) (Figure 3.6). 
          Taken together, findings described in this section of my thesis imply that the 
dominant mutations that extend longevity of each of the three long-lived yeast mutants 
evolved under laboratory conditions do not affect such key traits of early-life fitness as 
the exponential growth rate, efficacy of post-exponential growth and fecundity of yeast 
cells. This trend was seen for mutant cells cultured in medium initially containing either 
 73 
0.2% glucose (a fermentable carbon source; CR conditions) or 1% ethanol (a non-
fermentable carbon). 
 
3.4.2 Dominant mutations that extend longevity of each of the three long-lived 
yeast mutants evolved under laboratory conditions enhance such key traits of 
early-life fitness as cell susceptibility to chronic exogenous stresses, 
mitochondria-controlled apoptosis and lipoptotic death  
I also investigated if the dominant mutations that extend longevity of each of the three 
long-lived yeast mutants evolved under laboratory conditions influence other essential 
aspects of early-life fitness when mutant cells grow and age alone, in the absence of a 
parental WT yeast strain. I found that in each of the three mutant strains these mutations 
enhance the following key traits of early-life fitness: (1) cell susceptibility to chronic 
oxidative, thermal and osmotic stresses administered to yeast cells that were pre-grown in 
medium containing glucose at the initial concentration of 0.2% [CR conditions] or 
ethanol at the initial concentration of 1% (Figure 3.7); (2) cell susceptibility to a 
mitochondria-controlled apoptotic form of death triggered by a brief exposure to 
exogenous hydrogen peroxide [21] of yeast cells that were pre-grown in media containing 
glucose at the initial concentration of 0.2% [CR conditions] (Figure 3.8) or ethanol at the 
initial concentration of 1% (Figure 3.9); and (3) cell susceptibility to a “lipoptotic” form 
of death triggered by a brief exposure to exogenous palmitoleic acid [21] of yeast cells 
that were pre-grown in media containing glucose at the initial concentration of 0.2% [CR 








          Taken together, findings described in this section of my thesis imply that the 
dominant mutations that extend longevity of each of the three long-lived yeast mutants 
evolved under laboratory conditions enhance such key traits of early-life fitness as cell 
susceptibility to chronic exogenous stresses, mitochondria-controlled apoptosis and 
lipoptotic death. This trend was seen for mutant cells cultured in medium initially 
containing either 0.2% glucose (a fermentable carbon source; CR conditions) or 1% 
ethanol (a non-fermentable carbon). 
 
3.5 Discussion 
Data presented in this chapter of my thesis demonstrate that the dominant mutations 
responsible for the extended longevity of each of the three long-lived yeast mutants 
evolved under laboratory conditions do not affect several key traits of early-life fitness 
and enhance other such traits if each of these mutants grows and ages in the absence of a 
parental WT yeast strain. This observation provides the first irrefutable proof of 
evolutionary theories of aging based on the concept of programmed aging and age-related 
death and invalidate evolutionary theories of non-programmed aging and age-related 
death. Indeed, as detailed in Chapter 1 of my thesis, all evolutionary theories of non-
programmed aging and age-related death predict that any longevity-extending mutation 
or mutations must reduce early-life fitness of an organism if it grows, develops and ages 
alone, in the absence of “WT” individuals of the same species that do not carry longevity-
extending mutations and thus do not have lifespan extended beyond a species-specific 
age [57, 59, 69, 98 - 104]. In contrast, as described in details in Chapter 1 of my thesis, 
all evolutionary theories of programmed aging and age-related death postulate that only 
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those longevity-extending mutations that affect critical for early-life fitness modules of 
the pro-aging signaling network could reduce such fitness, whereas the longevity-
extending mutations that affect other modules of such signaling network are unlikely to 
impact organismal early-life fitness [66, 78 - 91]. It should be stressed that, as studies 
described in this Chapter of my thesis have revealed for the first time, some longevity-
extending mutations in yeast can actually enhance several key traits of early-life fitness if 
a long-lived mutant strain grows and ages in the absence of a parental WT yeast strain 
(i.e., in the absence of natural selection). 
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4 Dominant mutations responsible for the extended longevity of each of the 
three long-lived yeast mutants evolved under laboratory conditions reduce 
the relative fitness of each of these mutants in a direct competition assay with 
a parental WT yeast strain grown in medium with 1% ethanol    
 
4.1 Abstract 
The objective of experiments described in this chapter was to investigate if the dominant 
mutations that extend longevity of each of the three long-lived yeast mutants evolved 
under laboratory conditions influence the relative fitness of each of these mutants in a 
direct competition assay with the parental WT strain BY4742. The mutant and parental 
WT strains used in such competition assay were (1) pre-grown separately in media 
containing a fermentable carbon source (i.e., glucose at the initial concentration of 0.2% 
[CR conditions] or 2% [non-CR conditions]) or a non-fermentable carbon source (i.e., 
ethanol at the initial concentration of 1%); and then (2) mixed in equal numbers and co-
cultured in media containing 0.2% glucose [CR conditions], 2% glucose [non-CR 
conditions] or 1% ethanol. This direct competition assay mimics the process of natural 
selection within a mixed population of individuals that belong to the same species but 
exhibit different longevity-defining genetic backgrounds, have lifespans at a species-
specific age and beyond it, and compete for nutrients and other environmental resources. 
As described in this chapter, I found that in a population of mixed cells grown on 1% 
ethanol the dominant mutations that extend longevity of the three long-lived yeast 
mutants 3, 5 and 12 reduce the relative fitness of each of them in a direct competition 
assay with the parental WT strain BY4742. Thus, under some laboratory conditions 
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mimicking the process of natural selection within an ecosystem composed of yeast cells 
having different longevity-defining genetic backgrounds, each of the three long-lived 
mutants is forced out of the ecosystem by a parental WT strain exhibiting shorter 
lifespan. I therefore concluded that yeast cells have evolved some mechanisms for 
limiting their lifespan upon reaching a certain chronological age. These mechanisms 
drive the evolution of yeast longevity towards maintaining a finite yeast lifespan within 
ecosystems.      
 
4.2 Introduction 
As detailed in Chapter 1 of my thesis, the evolutionary theories of programmed aging and 
age-related death posit that the evolutionary force actively limits organismal lifespan at 
an age unique to each species [53, 54, 56, 57, 59 - 69].  All these theories of aging are 
based on the premise that natural selection resulted in preferential reproduction of those 
members of various species that have evolved certain mechanisms for limiting their 
lifespans in a species-specific fashion and upon reaching a species-specific age [57, 59, 
61- 63, 66, 69, 71 - 73]. The availability of the three long-lived yeast mutants that we 
selected under laboratory conditions enables empirical validation of these theories by 
investigating if the dominant mutations that extend their longevity influence the relative 
fitness of each of these mutants in a direct competition assay with the parental WT strain 
BY4742. To attain this objective, in studies described in this chapter of my thesis I 
developed such direct competition assay and used it to mimic under various laboratory 
conditions the process of natural selection within a mixed population of yeast cells that 
(1) exhibit different longevity-defining genetic backgrounds; (2) differ in their lifespans 
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if grow as a genetically homogenous cell population; and (3) compete for nutrients and 
other environmental resources. 
  
4.3 Materials and Methods 
Quantifying the relative fitness of a long-lived mutant strain in a direct competition 
assay with a parental WT strain 
The WT strains BY4739 (MATα leu20 lys20 ura30) and BY4742 (MATα his31 
leu20 lys20 ura30), the single-gene-deletion mutant strain dbp3Δ (MATα his31 
leu20 lys20 ura30 dbp3::kanMX4) in the BY4742 genetic background (all from 
Open Biosystems), and the long-lived mutant strains 3, 5 and 12 (all three in the BY4742 
genetic background) were grown separately in YP medium (1% yeast extract, 2% 
peptone) initially containing 0.2% glucose, 2% glucose or 1% ethanol as carbon source 
until mid-exponential phase. Cells were cultured at 30oC with rotational shaking at 200 
rpm in Erlenmeyer flasks at a “flask volume/medium volume” ratio of 5:1. The single-
gene-deletion mutant strain dbp3Δ lacks a gene encoding a DEAD-box family protein 
involved in ribosomal biogenesis [109]. dbp3Δ was used as a control mutant strain 
because it is known to exhibit (1) an extended replicative lifespan (as compared to the 
parental WT strain BY4742) [109]; (2) a reduced growth rate on 0.2% glucose (see 
Chapter 3 of this thesis), 2% glucose [109] and 1% ethanol (see Chapter 3 of this thesis); 
and (3) a reduced relative fitness when is co-cultured with a parental WT strain in 
medium initially containing 2% glucose [109]. 2.5 × 106 cells of the WT strain BY4739 
(MATα leu20 lys20 ura30) were mixed with the same number of cells of the BY4742 
(MATα his31 leu20 lys20 ura30), dbp3Δ (MATα his31 leu20 lys20 ura30 
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dbp3::kanMX4), 3, 5 or 12 strain in 50 ml of YP medium initially containing 0.2% 
glucose, 2% glucose or 1% ethanol as carbon source. After culturing the cell mixture at 
30oC for 7 days, an aliquot of cell suspension was diluted and plated on a solid YP 
medium supplemented with 2% glucose. Following 2 days of incubation at 30oC, 
colonies on each plate were replicated onto 2 plates with solid YNB (Yeast Nitrogen 
Base) medium without amino acids supplemented with 2% glucose; one of these plates 
contained leucine, lysine, uracil and histidine [hereafter called a “His+” plate], whereas 
the other plate contained leucine, lysine and uracil [hereafter called a “His-” plate]. After 
2 days of incubation at 30oC, the number of CFU on “His+” and “His-” plates was 
counted. The relative fitness of each His+ strain (relative to the His- strain BY4739 





0 WT)], where: CFU
x is the colony count at the end of week x, whereas CFU0 is 
the colony count at initial inoculation of a mixed culture. 
 
4.4 Results 
4.4.1 Development and validation of a quantitative assay for assessing the relative 
fitness of a long-lived mutant strain competing for nutrients and other 
environmental resources with a parental WT strain 
To investigate if the dominant mutations that extend longevity of each of the three long-
lived yeast mutants evolved under laboratory conditions influence the relative fitness of 
each of these mutants when it competes for nutrients and other environmental resources 
with a parental WT strain, I developed a direct competition assay. In this assay (Figure 
4.1), the WT strains BY4739 (MATα leu20 lys20 ura30) and BY4742 (MATα his31 
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leu20 lys20 ura30), the single-gene-deletion mutant strain dbp3Δ (MATα his31 
leu20 lys20 ura30 dbp3::kanMX4) in the BY4742 genetic background, and the 
long-lived mutant strains 3, 5 and 12 (all three in the BY4742 genetic background) were 
grown separately in liquid YP medium initially containing 0.2% glucose, 2% glucose or 
1% ethanol as carbon source until mid-exponential phase. The single-gene-deletion 
mutant strain dbp3Δ lacks a gene encoding a DEAD-box family protein involved in 
ribosomal biogenesis [109]; dbp3Δ was used as a control mutant strain because it is 
known to exhibit (1) an extended replicative lifespan (as compared to the parental WT 
strain BY4742) [109]; (2) a reduced growth rate on 0.2% glucose (see Chapter 3 of this 
thesis), 2% glucose [109] and 1% ethanol (see Chapter 3 of this thesis); and (3) a reduced 
relative fitness when is co-cultured with a parental WT strain in medium initially 
containing 2% glucose [109]. Cells of the WT strain BY4739 were mixed with the same 
number of cells of the BY4742, dbp3Δ, 3, 5 or 12 strain in YP medium initially 
containing 0.2% glucose, 2% glucose or 1% ethanol as carbon source. After culturing the 
cell mixture for 7 days, an aliquot of cell suspension was diluted and plated on a solid YP 
medium supplemented with 2% glucose. Following 2 days of incubation, colonies on 
each plate were replicated onto plates with a synthetic minimal YNB medium without 
amino acids supplemented with 2% glucose; one of these plates contained leucine, lysine, 
uracil and histidine (it was called a “His+” plate), whereas the other plate contained 
leucine, lysine and uracil (it was called a “His-” plate). After 2 days of incubation at 
30oC, the number of CFU on “His+” and “His-” plates was counted. The relative fitness of 
each His+ strain (i.e., the BY4742, dbp3Δ, 3, 5 or 12 strain) in a direct competition with 













following cell transfer from 2% glucose (Figure 4.5); or (5) 1% ethanol, following cell 
transfer from 1% ethanol (Figure 4.6). Based on these findings, I concluded that the 
developed direct competition assay outlined in Figure 4.1 accurately reproduces the 
expected equal fitness of the two WT strains used, i.e. BY4739 (His+) and BY4742 (His-, 
but otherwise isogenic to BY4739). Moreover, this assay also accurately reproduces the 
expected (see reference [109] and Chapter 3 of this thesis) reduced fitness of the mutant 
strain dbp3Δ (which is isogenic to the WT strain BY4742) in a direct competition assay 
with the parental WT strain BY4739 (His+, but otherwise isogenic to BY4742) (Figures 
4.2 - 4.6).       
 
4.4.2 Dominant mutations responsible for the extended longevity of the yeast 
mutants 3, 5 and 12 reduce the relative fitness of each of these long-lived 
mutants in a direct competition assay with a parental WT yeast strain grown 
in medium with 1% ethanol 
I first used the developed direct competition assay to quantify the fitness of the long-lived 
mutant strain 3 relative to the parental WT strain BY4742; cells of these two strains were 
first cultured separately in medium containing different concentrations of glucose or 
ethanol, then mixed as described in the “Materials and Methods” section, and underwent 
six consecutive 7-days incubations together. I found that the dominant mutations that 
extend longevity of the long-lived mutant strain 3 (which was His- in the BY4742 genetic 
background) do not reduce its relative fitness in a direct competition assay with the WT 
strain BY4739 (His+, but otherwise isogenic to the parental WT strain BY4742 and the 
long-lived mutant strain 3) co-cultured in media containing: (1) 0.2% glucose, following 
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cell transfer from 0.2% glucose (Figure 4.7); and (2) 2% glucose, following cell transfer 
from 2% glucose (Figure 4.8). In contrast, the dominant mutations that extend longevity 
of the long-lived mutant strain 3 (which was His- in the BY4742 genetic background) 
reduce its relative fitness in a direct competition assay with the WT strain BY4739 (His+, 
but otherwise isogenic to the parental WT strain BY4742 and the long-lived mutant strain 
3) co-cultured in media containing: (1) 1% ethanol, following cell transfer from 0.2% 
glucose (Figure 4.9); (2) 1% ethanol, following cell transfer from 2% glucose (Figure 
4.10); or (3) 1% ethanol, following cell transfer from 1% ethanol (Figure 4.11). It needs 
to be emphasized that, as a comparison of the data presented in Figures 4.9, 4.10 and 4.11 
demonstrate, the conditions of pre-culturing of the long-lived mutant strain 3 do not 
influence the extent of its reduced relative fitness during the subsequent co-culturing with 
a parental WT strain in medium containing 1% ethanol (Figure 4.12). I therefore 
concluded that the long-lived mutant strain 3 does not keep a “memory” of conditions 
under which it has been grown prior to being mixed with a parental WT strain in medium 
containing 1% ethanol for a fitness competition. 
          I then used the developed direct competition assay to quantify the fitness of the 
long-lived mutant strain 5 relative to the parental WT strain BY4742; cells of these two 
strains were first cultured separately in medium containing different concentrations of 
glucose or ethanol, then mixed as described in the “Materials and Methods” section, and 
underwent six consecutive 7-days incubations together. I found that the dominant 
mutations that extend longevity of the long-lived mutant strain 5 (which was His- in the 
BY4742 genetic background) do not reduce its relative fitness in a direct competition 















transfer from 2% glucose (Figure 4.16); or (3) 1% ethanol, following cell transfer from 
1% ethanol (Figure 4.17). It needs to be emphasized that, as a comparison of the data 
presented in Figures 4.15, 4.16 and 4.17 demonstrate, the conditions of pre-culturing of 
the long-lived mutant strain 5 do not influence the extent of its reduced relative fitness 
during the subsequent co-culturing with a parental WT strain in medium containing 1% 
ethanol (Figure 4.18). I therefore concluded that the long-lived mutant strain 5 does not 
keep a “memory” of conditions under which it has been grown prior to being mixed with 
a parental WT strain in medium containing 1% ethanol for a fitness competition. 
          I then used the developed direct competition assay to quantify the fitness of the 
long-lived mutant strain 12 relative to the parental WT strain BY4742; cells of these two 
strains were first cultured separately in medium containing different concentrations of 
glucose or ethanol, then mixed as described in the “Materials and Methods” section, and 
underwent six consecutive 7-days incubations together. I found that the dominant 
mutations that extend longevity of the long-lived mutant strain 12 (which was His- in the 
BY4742 genetic background) do not reduce its relative fitness in a direct competition 
assay with the WT strain BY4739 (His+, but otherwise isogenic to the parental WT strain 
BY4742 and the long-lived mutant strain 12) co-cultured in media containing: (1) 0.2% 
glucose, following cell transfer from 0.2% glucose (Figure 4.19); and (2) 2% glucose, 
following cell transfer from 2% glucose (Figure 4.20). In contrast, the dominant 
mutations that extend longevity of the long-lived mutant strain 12 (which was His- in the 
BY4742 genetic background) reduce its relative fitness in a direct competition assay with 
the WT strain BY4739 (His+, but otherwise isogenic to the parental WT strain BY4742 









ethanol (Figure 4.24). I therefore concluded that the long-lived mutant strain 12 does not 
keep a “memory” of conditions under which it has been grown prior to being mixed with 
a parental WT strain in medium containing 1% ethanol for a fitness competition. 
 
4.5 Discussion 
In studies described in this chapter of my thesis I developed and validated a direct 
competition assay which under various laboratory conditions mimics the process of 
natural selection within a mixed population of yeast cells that (1) exhibit different 
longevity-defining genetic backgrounds; (2) differ in their lifespans if grow as a 
genetically homogenous cell population; and (3) compete for nutrients and other 
environmental resources. Using this assay, I found that in a population of mixed cells 
grown on 1% ethanol the dominant mutations that extend longevity of the three long-
lived yeast mutants 3, 5 and 12 reduce the relative fitness of each of them in a direct 
competition with the parental WT strain BY4742. Based on these findings, I concluded 
that under laboratory conditions mimicking the process of natural selection within an 
ecosystem composed of yeast cells having different longevity-defining genetic 
backgrounds, each of the three long-lived mutants is forced out of the ecosystem by a 
parental WT strain exhibiting shorter lifespan. My findings imply that yeast cells have 
evolved some mechanisms for limiting their lifespan upon reaching a certain 
chronological age. It is conceivable that these mechanisms drive the evolution of yeast 
longevity towards maintaining a finite yeast lifespan within ecosystems. I propose here 
that these mechanisms may consist in the ability of the parental WT strain to secrete into 
growth medium certain compounds (small molecules and/or proteins) that slow down 
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growth and/or kill long-lived yeast mutants. The challenge for the near future is to 
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